Secretins form large oligomeric assemblies in the membrane that control both macromolecular secretion and uptake. Several Pasteurellaceae are naturally competent for transformation but the mechanism for DNA assimilation is largely unknown. In Haemophilus influenzae, the secretin ComE has been demonstrated to be essential for the DNA uptake. In closely related Aggregatibacter actinomycetemcomitans, an opportunistic pathogen in periodontitis, the ComE homolog HofQ is believed to be the outer membrane DNA translocase. Here we report the structure of the extra-membranous domains of HofQ at 2.3 Å resolution by X-ray crystallography. We also show that the extra-membranous domains of HofQ are capable of DNA binding. The structure reveals two secretin-like folds, the first of which is formed via means of a domain swap. The second domain displays extensive structural similarity to KH-domains, including the presence of a GxxG motif, which is essential for the nucleotide binding function of KH-domains, suggesting a possible mechanism for DNA binding by HofQ. The data indicate a direct involvement in DNA acquisition and provides insight into the molecular basis for natural competence.
Introduction
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machinery. 16 These genes most likely code for prepilin (PilA), two transport proteins (PilB and C), and prepilin peptidase (PilD). 16 No A. actinomycetemcomitans outer membrane proteins that could be responsible for DNA binding and translocation have yet been reported. The H. influenzae outer membrane contains a DNA uptake system composed of multiple copies of the secretin ComE, which has been shown to be essential for DNA uptake. 17, 18 The A. actinomycetemcomitans protein HofQ (UniProtKB Accession code: C9R226), shows some 70% sequence identity to H. influenzae ComE (Supplementary Figure 1) , and is thought to perform the same function. 17, 19 Secretins are large homo-oligomeric assemblies built up of 50-70 kDa subunits, with 12-14 subunits forming a ring structure of approximately 100-150 Å in diameter. 20, 21, 22, 23, 24, 25, 26, 27, 28 They comprise a superfamily 29, 30 and form components of several distinct secretion systems in the outer membrane, including the type-two secretion system (TIISS), 31, 32 type-three secretion system (TIIISS) 26 and Type-IV pilus biogenesis system. 30, 33, 34 All secretins consist of two major regions. The C-terminal region, or domain, is believed to be the major determinant in oligomer formation and stability. 35 It is highly conserved and predicted to contain several -strands 36 embedded in the outer membrane to form the actual pore through which transport occurs. 21 The N-terminal periplasmic region displays conservation only in secretins from related secretion pathways 29 and may be involved in substrate recognition, 28, 37 gating of the proposed channel 35, 38 and DNA binding 39 as well as contributing to subunit oligomerization. 35, 40 The atomic structures of periplasmic fragments from two secretins, EscC from enteropathogenic E. coli and GspD from enterotoxigenic E. coli, have previously been determined. 37, 40 EscC and GspD belong to the type III and type II secretion systems respectively and share little sequence conservation in their N-terminal regions. In spite of this, the two structures display remarkable structural similarities, highlighted by the presence of conserved N-terminal secretin-like folds in both. 37, 40 In this study we cloned and expressed the extra-membranous domains of HofQ (emHofQ) and determined the structure at 2.3 Å. We also show that emHofQ is capable of binding dsDNA. The structure revealed two secretin-like folds, one of which displays extensive structural homology to KH-domains involved in DNA-binding, suggesting a possible 
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structural basis for HofQ's role in natural competence. The structure also exhibits farreaching structural flexibility with one of the N-terminal secretin-like folds formed via a domain-swap.
Results
Overall structure
emHofQ crystallized as a dimer in the asymmetric unit ( Figure 1A) . Analysis of the molecular interactions using the PDBe-PISA server 41 suggests that this dimeric assembly of emHofQ is the stable form in solution (buried area = 4550 Å 2 , G int = -15.3 kcal/mol, G diss = 18.1 kcal/mol). In addition, the protein migrated at an apparent molecular weight of 41 kDa on a calibrated size-exclusion column during purification, also suggesting a dimeric assembly (the molecular weight of the emHofQ construct is 19 kDa). Still, a conclusive assignment is not possible because elongated molecules are expected to migrate at an apparently larger molecular weight in size-exclusion.
Each emHofQ polypeptide chain consists of two globular domains, containing a total of 7 -strands and 4 -helices ( Figure 1B , C). The two domains are linked by approximately 25 residues, which are disordered in the structure, indicated by dashed lines in Figure 1A and C. Because of the length of the disordered segment, there is a theoretical possibility for an alternative connection within the crystal lattice. However, this would produce a very extended structure with protein molecules weaved together throughout the crystal lattice.
Though this may be theoretically possible we find this arrangement very unlikely. The two chains, referred to here as A and B, can be superimposed with an rms deviation of 0.98 Å between 133 C atoms ( Figure 1D ). The main deviations are focused on residues 47-51 and 59-63, and derive from differences in crystal packing. Residues 47-51, which form the C-terminal end of the first -helix in chain B, adopt a loop conformation in chain A ( Figure 1D , inset). A reorientation of the side chain residues allows histidine 51 to form a hydrogen bond via a water molecule to threonine 148 of a symmetry related chain A polypeptide ( Figure 2A ). Residues 59-63 are disordered in chain A whereas in chain B they form a hairpin loop between the second and third -strands, stabilised via interactions with residues 49 and 54 of a symmetry related B chain. Furthermore, the third -strand in
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monomer B packs against its symmetry related counterpart to form an extended antiparallel -sheet ( Figure 2B ).
Domain 1
Domain 1 comprises residues 27-100 of emHofQ, although residues 27 and 27-28 are disordered in chains A and B respectively. Residues 1-26 correspond to the signal peptide which is expected to be cleaved subsequent to translocation across the cytoplasmic membrane in A. actinomycetemcomitans and were therefore omitted from the emHofQ construct.
When viewed in the context of individual monomers, domain 1 adopts an extended conformation containing two -helices and four -strands ( The structure of the periplasmic region of the TIIISS component EscC (PDB ID: 3GR5)
from enteropathogenic E. coli has also been determined. 40 The second domain of this structure overlays onto domain 2 of emHofQ with a Z-score of 8.4 and rmsd of 2.1 Å, and with a sequence identity of 18 % over 60 aligned residues ( Figure 4A , cyan). EscC is the sole component of the outer membrane ring in the Type III secretion system apparatus. 46 Spreter et al. observed that the second domain of EscC shares a common fold with EscJ and PrgH. These are also components of the Type III secretion system but are localized to, and form part of, the membrane ring in the inner membrane. 40 ,47 Domain 2 of emHofQ was not found to superimpose particularly well to either EscJ (PDB ID: 1YJ7) 47 or PrgH (PDB ID: 3GR0), 40 with Z scores of 3.3 and 2.1 respectively. However, superimposition with the closed, domain swapped conformation of domain 1 produced improved structural alignments, with Z scores of 4.3 and 3.5 and rmsds of 2.6 Å and 2.3 Å respectively.
The N-1 secretin-like fold found in the second domain of emHofQ also displays similarities to that of the eukaryotic type-I KH (hnRNP K homology) domains. These domains are often involved in DNA or RNA binding, 48, 49 which is of particular interest given the proposed role of emHofQ in DNA uptake. The second domain of emHofQ can be superimposed onto the KH domain of the neuronal splicing factor Nova-1 RNA binding protein (PDB ID: 2ANN) (unpublished) with a Z score of 6.7 and rmsd of 2.2 Å over 61 aligned residues ( Figure 3B ). All typical KH domains contain a conserved GxxG motif, 50 which is involved in nucleotide binding. 49 A GxxG motif is also found in emHofQ, with residues 149-152 having the sequence GGSG, and the two motifs in emHofQ and the KH domain are situated in close proximity structurally ( Figure 4B inset).
DNA binding of emHofQ
To test the hypothesis that emHofQ may be directly involved in DNA binding electrophoretic mobility shift assay (EMSA) experiments were performed. emHofQ was 8 (31) incubated with a linearised vector either containing or lacking the USS sequence. In both instances emHofQ was observed to bind to dsDNA ( Figure 5 ). The T4 gene 32 protein (singe-stranded DNA-binding) and bovine serum albumin were used as negative controls.
Discussion
emHofQ crystallized as a dimer in the asymmetric unit ( Figure 1A ). As described above, we do not believe that the dimeric interaction is an artefact of crystallization as the construct appeared to be dimeric in solution. However, it is still possible that the observed dimer is a result of the particular construct used. The emHofQ construct lacks the Cterminal, -domain. In the full-length protein this region anchors the secretin in the outer membrane in a fixed position relative to the other subunits. This anchoring reduces the degrees of freedom available to the extra-membranous domain and it is known that thedomain is a determinant in oligomer formation and stability of the full-length protein. 35 The presence of the C-terminal -domain may prevent the formation of the dimer observed in the crystal structure.
This hypothesis is supported by the relative orientation of the two C-termini in the emHofQ crystal structure. As discussed in the introduction, secretins form channels in the outer-membrane, with 12-14 subunits thought to form the ring. Such channels have been modelled for the structures of peri-GspD and EscC, 37, 40 as well as observed in the crystal packing of the inner membrane ring structure EscJ. 47 A key pre-requisite for any such ring structure is that the C-termini of individual subunits adopt a common orientation. This would be required for the correct insertion of the -domain into the outer-membrane. With the dimer present in our crystal structure, the C-termini can indeed be orientated so that they would both localize to the plane of the outer membrane ( Figure 1A , top panel).
However, in this orientation, it is impossible to form a ring structure unless the emHofQ dimer constitutes the basic repeat element of a double-walled ring, which would be inconsistent with other models. 37, 40 Nevertheless, a 12-membered, oligomeric ring with a different architecture is found in the emHofQ crystals ( Figure 6 ). Similar to the ring structure observed for EscJ, 47 the subunits are arranged into a continuous spiral but, unlike for EscJ, the C-termini switch orientation 
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between planes of the ring in adjacent subunits. Thus, even if the ring were modelled to a flat, planar arrangement it would be impossible for the ring to associate with the outermembrane with all C-termini orientated to the membrane surface. For this reason we believe that the particular ring structure observed does not represent the in vivo architecture and is in part imposed by the dimerization of the construct. However, it does support the hypothesis that the N-secretin like fold contributes to oligomerization and ring formation in secretins. 40 The dimer interface in emHofQ almost certainly promotes crystallization by stabilization of flexible secondary structure elements within the individual monomers. Evidence for this flexibility can be readily observed in the first domain, which is quasi-domain swapped In this study we also demonstrate that A. actinomycetemcomitans emHofQ is capable of direct binding of dsDNA. DNA binding to the secretin PilQ has previously been demonstrated in both N. meningitidis and Thermus thermophilus HB27. 39, 53 In the case of
Neisseria meningitidis PilQ, this binding has been mapped to the extra-membranous region
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of the secretin. The N-terminus of PilQ in N. meningitidis contains many small basic repeat elements that are thought to be critical for DNA binding. 39 Such elements are missing from emHofQ, indicating that DNA binding must be mediated via a different recognition motif.
A possible motif was identified through our structural analysis of emHofQ. The second domain of emHofQ displays high structural similarity to the nucleotide-binding KH domain of Nova-1 ( Figure 4B ). KH domains contain a conserved GxxG motif involved in nucleotide binding 49, 50 and a GGSG motif is found in similar location structurally in emHofQ. Furthermore, the second domain of emHofQ is related to domain 1 in both in structure and sequence ( Figure 3B, C) . The key exception is the GGSG motif and succeeding three residues, which occur as an insertion between -helix 3 and -strand 6.
The fact that this insertion has been preserved within the context of the overall secretinlike fold points to it performing a functional role, possibly in DNA binding.
Although Nova-1 and many other KH domains bind RNA, DNA binding has also been documented. 54, 55, 56 In KH domains, the GxxG motif forms a protruding loop between two -helices. In emHofQ, the GGSG motif does not precede a second -helix but is instead followed by an extended loop ( Figure 4B ). Given the ability of residues 47-51 to exist as both a coil and -helix it is possible that this region could adopt an -helical conformation in the presence of DNA. Furthermore, the GGSG motif protrudes from the axis of the preceding helix, which appears to be a key structural feature of the motif in KH domains.
The GxxG loop of KH domains typically contains a lysine or arginine in either the second or third position, however in some instances both or either positions are replaced by serines or threonines, 57 and a serine is found in the third position in emHofQ. KH domains bind DNA and RNA with relatively low affinity, 54, 55, 58 but the clustering together of KH domains increases nucleic acid recognition and specificity levels. 59 A similar clustering of DNA-binding domains could be achieved for HofQ given its oligomeric assembly and inherent flexibility.
A previously reported phylogenetic study of Pasteurella species identified HofQ from A.
actinomycetemcomitans (annotated then as ComE) as a competence gene involved in DNA uptake. 19 Eight other HofQ/ComE homologs were similarly identified, although only seven were believed to be functional. A sequence alignment of the extra-membranous region of these proteins ( Figure 7 ) displays very high sequence similarity for the second domain 
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compared to the first, with strict conservation in many regions. This suggests that domain 2 is the functionally important of the two domains for DNA uptake and competence and implies that the first domain may play more of a structural role and perhaps be involved in gating. This would be consistent with the apparent dynamic properties of this domain. It is also interesting to note the lack of sequence conservation between -strands 4 and 5, which corresponds to the unstructured region in HofQ. The proteins all contain glycine rich motifs that align with the GGSG motif in HofQ, with some also containing flanking or internal lysine residues. It is possible that these motifs serve to introduce structural flexibility in the C-terminal part of 3, perhaps as part of a DNA-recognition and binding mechanism. The fact that emHofQ binds both USS and non-USS-containing dsDNA is interesting considering that an USS has been shown to increase uptake efficiency in a number of naturally competent bacteria. 7, 8, 9 Further in-depth studies of the DNA binding properties of emHofQ, including various DNA and protein variants are ongoing.
In conclusion, the structural and DNA binding properties of emHofQ suggest a direct involvement in DNA acquisition and provides insight into the molecular basis for natural competence. 
Materials and Methods
Cloning
SeMet emHofQ purification
SeMet substituted emHofQ was expressed following the method of Doublie 60 . Briefly, 3 mL of overnight pre-culture was pelleted and resuspended in 3 mL of M9 minimal media and used to innoculate 1.5 L of pre-warmed M9 minimal media. Cells were grown at 37 °C to an OD 600 of 0.4 at which time the following amino acids were added: lysine, phenylalanine and threonine to 100 mg/L; isoleucine, leucine and valine to 50 mg/L; Lselenomethionine to 60 mg/mL. Cells were grown for a further 15 minutes at 37 °C at which time they were induced by addition of IPTG to a final concentration of 1 mM. The temperature was lowered to 25 °C and protein production allowed to continue overnight.
Seleno-methionine labelled emHofQ was purified as described for the native emHofQ but in the presence of 5 mM beta-mercaptoethanol throughout. 
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Structure Determination
Diffraction data were collected at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. Peak, inflection and remote wavelength datasets for the MAD phasing were collected from a single SeMet substituted crystal at beamline BM30. The presence of selenomethionine was verified by an X-ray fluorescence scan around the selenium absorption edge prior to data-collection. The native dataset was collected at beamline ID14-1. All X-ray data indexing and scaling were performed with the programs Mosflm and Scala 61, 62 or XDS. 63 The crystals belonged to space group P6 2 with two molecules in the asymmetric unit. The structure of emHofQ was solved by multi-wavelength anomalous diffraction phasing using the software package Phenix. 64 This identified 2 out of 8 possible selenium atom positions and allowed the automated building procedures implemented within Phenix to build the majority of the residues. Manual inspection of the maps in Coot 65 showed them to be of good quality and this initial structure was then used as a molecular replacement model in the program CCP4-Molrep 66 with the higher resolution native dataset. This gave an excellent solution and the final structure was refined to 2.3 Å resolution with R work = 0.205 and R free = 0.237 using multiple iterative rounds of refinement with REFMAC5 67 and model building in Coot. Non-crystallographic symmetry (NCS) restraints were applied in REFMAC5, with restraints lifted for individual residues as required. TLS groups were defined by the TLSMD server. 68 The stereochemical quality of the model was verified 14 (31) using Coot and MolProbity. 69 Full data collection and refinement statistics can be found in 
Electrophoretic mobility shift assay (EMSA)
To test the binding of emHofQ to dsDNA, agarose gel EMSA experiments were 
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A. Domain 2 (green) superimposed with the N-1 (yellow) and N-2 (magenta) domains of peri-GspD from enterotoxigenic E. coli (PDB ID: 3EZJ) 37 and the first domain (cyan) of the TIIISS protein EscC from enteropathogenic E. coli (PDB ID: 3GR5). 
